Abstract. In a previous study we devised a diagnostic decision rule to improve management of children with meningeal signs, suspected of having bacterial meningitis. The decision rule aimed to guide decisions on (1) whether a lumbar puncture is necessary in children with meningeal signs, and (2) which children need hospitalisation and empirical antibiotic treatment for bacterial meningitis. In this study we assessed the validity of this rule in an external population of four (paediatric) hospitals in The Netherlands. The decision rule included two scoring algorithms using symptoms, signs and quickly available blood and cerebrospinal fluid (CSF) laboratory tests. To evaluate the discriminative value of both algorithms, the absolute numbers of correctly diagnosed patients and the area under the receiver operator characteristic curve were estimated, and compared with the results from the original population (n ¼ 360). In a 18 month period, we included 226 children, median age 2.2 years, who visited the emergency department with meningeal signs. Bacterial meningitis was present in 25 (11%). Using the scoring algorithms patients could be categorised in groups of increasing risk of bacterial meningitis. The discriminative values of the clinical and CSF algorithm in this new population were similar to those in the original population. In the total population of 586 children with meningeal signs, the rule selected 205 children (35%) who did not need a lumbar puncture and 366 children who did not need empirical treatment (62%). In conclusion, this diagnostic rule performed well in a new population of children with meningeal signs. This diagnostic decision rule is a valuable tool for the clinician when deciding to treat these children for bacterial meningitis and thus improving their management.
Introduction
Children with meningeal signs are highly suspected for bacterial meningitis [1, 2] , but these signs may arise from other causes as well [3, 4] . Many clinical symptoms and signs, and laboratory tests of blood and cerebrospinal fluid (CSF) have been evaluated, but none of them completely discriminate between presence and absence of bacterial meningitis [5] [6] [7] [8] [9] . Since delayed diagnosis and treatment of bacterial meningitis worsens its prognosis, physicians have a low threshold to perform a lumbar puncture and to start empirical antibiotic treatment for bacterial meningitis in these children. Hence, lumbar punctures and empirical treatment as performed in these children may, to some extent, be regarded unnecessary afterwards.
In practice, two main questions arise: (1) Based on clinical symptoms and signs, is a lumbar puncture necessary to rule out bacterial meningitis, and (2) based on the direct CSF analysis, is empirical antibiotic treatment necessary until definite cultures become available? With these two questions in mind, we developed in a previous study a diagnostic decision rule to guide decisions on the use of a lumbar puncture and empirical antibiotic treatment for bacterial meningitis in children with meningeal signs, which showed good performance [10, 11] . The aim of this present study was to prospectively validate the performance of the rule in new patients with meningeal signs at the paediatric emergency department of four hospitals, which is a proper methodological standard before implementing a prediction rule in clinical practice [12] [13] [14] [15] .
Methods

Description of the original diagnostic rules
In an earlier study, we studied 360 children with meningeal signs admitted between 1988 and 1998 to a large paediatric teaching hospital, with an emergency department receiving about 2500 new patients each year, of whom 90% present for basic paediatric care [16] . Using logistic regression analysis, we identified independent predictors for bacterial meningitis from patients' history, physical examination and laboratory tests. Based on these variables we developed a diagnostic decision rule for children suspected of having bacterial meningitis. The rule includes two scoring algorithms (see Appendix 1 and previous publications [10, 11] for details). With the first algorithm a clinical score (ranging from 0.5 to 30) can be computed for each patient using six clinical characteristics. The second algorithm yields a CSF score (ranging from )5 to 5) by assigning the patient points for two CSF indices. As an example, consider a boy with complaints since half a day, who vomits, with meningeal irritation at physical examination, a serum CRP of 45 mg/l, 150 polymorphonuclear cells in CSF/ll and a CSF/blood glucoseratio of 0.45. He gets a clinical score of 10 (=0.5 þ 2 þ 7.5 þ 0 þ 0 þ 0) and a CSF score of 0 (=2 ) 2).
Description of the validation study
Setting and procedures After approval of the medical ethical committees of the participating hospitals, the rule was prospectively validated in two teaching and two regional hospitals in The Netherlands. We informed the clinicians working at the emergency department (paediatricians and paediatricians in training) that independent predictors for bacterial meningitis had been identified and included in a decision rule. To validate its performance in other patient populations, they were asked to systematically document the presence or absence of the predictors in the rule. Although the clinicians received information how to calculate the scores, they were instructed that the true decision to perform a lumbar puncture or initiate empirical treatment was still left to their own judgement, since the aim of the study was not to implement but only to validate the rule in a new patient population.
Patients
Children, aged from 1 month up to 15 years, who visited the emergency department with meningeal signs, without pre-existent neurological diseases were eligible for this study. The label 'meningeal signs' was applied (as in the derivation study) to (1) children with a history of pain in the neck, (2) those referred by the general practitioner for meningeal signs, or (3) children with meningeal irritation as assessed by the paediatrician [10, 11, 17] . To ensure enrolment of all patients with 'meningeal signs' we carefully checked the emergency department log during the study period. Patients were included in the period of November 1999-May 2001.
Data collection
All items of the two algorithms and some additional general characteristics, symptoms, signs, and laboratory tests were systematically documented for each included child. The outcome was the presence of bacterial meningitis, defined as the presence of elevated leukocyte count (>5 cells/ll) in CSF of a non-traumatic puncture and a positive bacterial CSF or blood culture [2] . Elevated CSF leukocyte count with viral growth in CSF or faeces or positive viral serology was considered as a case of viral meningitis and absence of any isolated pathogen as a case of aseptic meningitis [18] . Final diagnoses other than meningitis were determined by either bacteriologic cultures of blood, urine, stool and ear, nose, or throat specimens or based on a consensus diagnosis, including a 1-week outpatient follow-up [17] . To the latter aim, data on recovery of non-hospitalised patients were collected at their control visit or by telephone call within 3-7 days after first admission by one of the paediatricians (in training) or the research fellow.
Analysis
The original rules (as obtained from the derivation study) were applied to the data of the validation set. We estimated the distribution of patients across categories of the score enabling quantification of the predictive values per scoring category, and compared these figures with the findings in the derivation set. We also quantified the overall (i.e. irrespective of score thresholds) diagnostic value of the rules using the area under the receiver operator characteristic curve (ROC area) with 95% confidence interval (CI) and compared it with the derivation study results [19] .
Results
Patient characteristics
The validation population comprised 226 patients. A lumbar puncture had been performed in 146 (65%) children ( Figure 1 ). One-hundred and seven children with early discharge (with or without lumbar puncture, 46 and 61, respectively) recovered uneventfully as documented during the outpatient department visit or telephone call. Follow-up on eleven children was lacking, since they did not come to their control visit, and could not be reached by phone. Patient characteristics are presented in Table 1 and compared with those of the derivation set. Patients in the validation set presented less frequently with a disturbed consciousness and were less frequently hospitalised than those in the derivation set. Although children were rather equally referred with meningeal signs by the general practitioner (60%), the paediatrician less frequently confirmed presence of meningeal irritation in the validation set (64 of 139; 46%) than in the derivation set (133 of 203; 66%). The frequency of bacterial meningitis in the validation set was substantially lower than in the original population (11 and 28%, respectively).
Validation of the clinical scoring rule
In the derivation study we had defined a clinical score of 9.5 to discriminate between children with and a Median (25th and 75th percentiles). b Including septicaemia (n = 2), pneumonia (n = 17), urinary tract infection (n = 9). c Including upper respiratory tract infections (n = 52), viral syndromes (n = 65), other (n = 13).
without bacterial meningitis. Application of this clinical scoring rule to the validation set, however, yielded two children with bacterial meningitis with a clinical score of 8.5; all other children with bacterial meningitis (n ¼ 23) had a clinical score of 10.5 or higher. These two would have been missed when applying the original rule at a threshold of 9.5. Of all children without bacterial meningitis (n ¼ 201), 122 had a score <9.5, yielding 79 with a score of 9.5 or higher. The ROC-area of the clinical score in the validation set was 0.90 (95% CI: 0.84-0.95), which was slightly lower than in the original data set (ROCarea 0.94; 95% CI: 0.91-0.96) [10] .
Given that missing a case of bacterial meningitis was unacceptable, we adjusted the original threshold for the indication of a lumbar puncture from 9.5 to 8.5. To quantify how well this 'new' rule would perform, we tested it on all available data, i.e. on the patients from the derivation and validation study together (n ¼ 586). Of these, 124 (21%) had BM and 462 (79%) had not. The results are given in Table 2 . It can be seen that under a score of 8.5, no patients with BM would now be missed. Also, the predictive value of bacterial meningitis sharply increased with increasing scores. Table 3 presents the observed frequency of bacterial meningitis according to the CSF score in the validation set. The frequency of bacterial meningitis increased with the CSF score. The frequency of bacterial meningitis in the validation set was comparable to the frequency found in the derivation study, except for the second column (CSF score )3 to )1). The ROC-area of the CSF score in the validation set (0.97; 95% CI: 0.93-1.0) was similar to the ROCarea in the derivation set (0.93; 95% CI: 0.89-0.97) [11] .
Validation of CSF scoring rule
Validation of the two scoring rules combined
In contrast to the clinical score, we could not define a threshold value for the CSF rule to rule out BM, as was also the case in the derivation study. We therefore evaluated the diagnostic value of the combined use of the 'new' clinical rule and the (original) CSF score using all available data from the derivation and validation study (n ¼ 586), as presented in Figure 2 .
Patients with high clinical scores (P20) were at high risk of bacterial meningitis, and the CSF score aided little in distinguishing between patients with and without bacterial meningitis. In these patients however, a lumbar puncture will identify the pathogen. In the intermediate scoregroups (clinical score 8.5-19.9), the use of the CSF score with the clinical score could select a substantial number of patients without bacterial meningitis, such that empirical treatment could be safely omitted. Since bacterial meningitis was not observed in patients with a clinical CSF score: Polymorphous cell count (0-9 cell/ll = 0/10-99 = 1/100-999 = 2/1000-9999 = 3/P10,000 = 4) ) 5 · CSF/ blood glucoseratio. BM = bacterial meningitis; n = number of patients with BM; CI = confidence interval. a n = 126, since cases with missing values (n = 110) are excluded.
score <8.5, the CSF score had no additional diagnostic value in these patients.
Using the thresholds as presented in Figure 2 , 205 children with a score <8.5 could be selected in whom a lumbar puncture was not necessary. Subsequently, 381 children would undergo a lumbar puncture. In current practice 402 children underwent a lumbar puncture (Table 1) , of which 21 could have been prevented by the rule (5%). In addition, the rule selected 366 children in whom empirical treatment could be withheld (Figure 2 , white and grey area). Doing so, the rule could reduce the number of hospitalisations from 326 (Table 1) to 220 (33% reduction).
Discussion
The principle aim of diagnostic protocols is improve patient management. Clinical prediction rules may not perform as well in new settings as they had in the settings in which they were developed [12, 14, 20] . Therefore, prospective validation of a rule should inform about whether the rule reflects true associations rather than the play of chance or statistical 'overfitting' and whether they can be applied appropriately in practice. In this present study we have validated a diagnostic decision rule, as previously devised, to guide two questions in children presenting with meningeal signs: when to perform a lumbar puncture, and when to start empirical antibiotic treatment, without missing a single case of bacterial meningitis. In a new group of 226 children visiting the emergency department with meningeal signs, the scoring algorithms of this rule using symptoms and signs at presentation and quickly available blood and CSF laboratory tests appear to be valid. Use of this rule will reduce (unnecessary) lumbar punctures and hospitalisations and their associated costs. The estimated number of prevented lumbar punctures by the rule may seem rather limited, due to the assumption not to miss any child with meningeal signs. The potential savings in number of hospitalisations are much higher. Since there may be other reasons for diagnostic procedures (e.g. prognostication) or hospitalisation (e.g. co-morbidity) the precise reduction of lumbar punctures and hospitalisation should be estimated in an implementation study [21] .
In 126 patients (of whom 4 with bacterial meningitis) the CSF score could not be computed since values for either the CSF cell count, or glucose concentration in CSF or serum were missing due to laboratory technical reasons. These patients were excluded from further analysis, which explains part of the difference between the observed number of cases of the validation and derivation set in Table 3 .
The threshold value of 9.5 for lumbar puncture as defined in the derivation set would have missed two children with bacterial meningitis in the validation set. One of those was a 34-days old boy, prematurely born, and thus at the borderline of the age criteria of our rule (patients aged from 1 month up to 15 years). He had a 1-day history of complaints, meningeal irritation at physical examination, and a serum CRP of 2 mg/l. CSF contained 11,310 cells/ll (90% polymorphonuclear cells) and the CSF/blood glucoseratio was 0.49. E. coli was isolated from CSF. The other was a 6-month old boy, with complaints since half a day and a generalised seizure of 10 min. At examination he developed a second generalised seizure. Serum CRP was 68 mg/l, and CSF contained 2700 cells/ll (polymorphonuclear cells only); CSF/ blood glucose ratio was 0.61. S. pneumoniae was isolated from CSF and blood. Obvious, the combination of seizures and meningeal signs is very indicative of bacterial meningitis. In a population of children with meningeal signs as the main symptom seizures occur too infrequently to be included in a diagnostic prediction rule. It should be noted that the clinical score threshold value for a lumbar puncture was defined under the assumption not to miss any case of bacterial meningitis. Application of the rule may miss some cases of viral meningitis (n ¼ 9 of 43; 20% in the present validation study). We believe that this is acceptable, since viral meningitis in children aged >1 month has a fair prognosis and does not need specific treatment [22] . This point of view, however, may change in future if antiviral therapy for enteroviral meningitis becomes available. The evaluation of potential diagnostic predictors for bacterial meningitis has resulted in various prediction rules with predictors comparable to ours [5-9, 23, 24] . Only few have been validated as well [8, 9] . All these studies selected patients on their final diagnosis rather than on their clinical suspicion of bacterial meningitis. Selection of patients on their diagnosis can lead to biased selection of the most evident cases with subsequent potential overestimation of the diagnostic value of tests that are applied in practice on all patients with meningeal signs [25] [26] [27] . In accordance with clinical practice, the value of diagnostic tests should be assessed in patients with suspicion on a particular disease. Therefore, we included patients suspected of having bacterial meningitis, i.e. patients visiting the emergency department with meningeal signs. Following this type of patient selection, our diagnostic rule does not apply to all patients suspected of having meningitis, since patients with a prominence of other symptoms of meningitis (such as coma, convulsions, etc. [1, 2] ) are not included in our study population.
Some comments on the use of the rule and its generalisability need to be made. Inclusion of serum CRP in our rule suggests that CRP results are necessarily available before drawing conclusions. Due to its positive value in the rule, CRP will always increases the total score. As a consequence, CRP will not change the indication for lumbar puncture in patients with a score above the threshold value for lumbar puncture (P8.5) based on clinical variables only (i.e. before knowing serum CRP). These patients are probably the evident cases of bacterial meningitis, in whom further diagnostic tests are quite straightforward. To include serum CRP is valuable in the less evident cases (with clinical score <8.5), in particular.
In this validation study, the prevalence of bacterial meningitis in children with meningeal signs was substantially lower than in the population the rule was derived on. This may be due to the routine Haemophilus influenzae type B-vaccination of infants, as introduced in the Netherlands since 1996 [28, 29] . Since the value of a prediction rule may be affected by differences in disease prevalence in different populations [26, 30, 31] , we estimated the performance of both the clinical and CSF algorithm, after adjusting the intercepts of the two original logistic regression models [10, 11] , from which the scoring rules in the appendix were derived. This adjustment showed neither an effect on the ROC-areas nor on the predictive accuracy in terms of absolute number of patients. We therefore believe that an adjustment for differences in disease-prevalence is not necessary and that the rule can be used without adaptation in other places with a different prevalence of meningitis.
Although the rule was derived on retrospectively collected data, it performed similar in the prospectively collected validation set. We therefore believe that the rule including the symptoms and signs as we defined is well applicable in practice.
The rule was derived in an academic paediatric hospital (receiving about 90% basic paediatric care [16] but validated in four hospitals, including three non-academic ones, with their particular patient populations. Since the rule performed well in all hospitals, we state that the rule is applicable to paediatric emergency departments in general.
As the aim of the rule is to detect bacterial meningitis, the rule does not identify the true diagnosis after bacterial meningitis has been ruled out. Further evaluation by the clinician is necessary to reveal other serious bacterial infections, for which treatment is necessary [3, 4] .
In conclusion, a diagnostic decision rule for children with meningeal signs proved to perform well in a newly selected group of patients. Using this rule, patients can be classified in groups of increasing probability of bacterial meningitis. This diagnostic decision rule can be used as a tool for the clinician to guide decisions on the performance of a lumbar puncture or initiating empirical treatment in children with meningeal signs in order to improve their management.
Appendix 1
Contents of the diagnostic decision rule. 
